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TDRAs, through the partial and group response coefficients, confirm that, under every condition that we have studied, malonyl-CoA exerts its effects over the pathway via CPT I. These conclusions apply only to our system and our conditions. Yet our TDCAs in a more physiological system, including ketone body and ATP synthesis in coupled mitochondria, show that in state 3 CPT I has most of the control and in states intermediate between 3 and 4 the control is shared. That the simple TDCAs show most of the control resides with the P-oxidation block is potentially misleading, as the TDRAs show malonyl-CoA regulates the pathway via its effects on CPT I.
General conclusions
It is clear from this study that TDCA only tells us how control over a pathway is distributed. TDEA tells us where effectors act. Only by doing a full TDRA for each effector can we reveal how effectors regulate a pathway by their actions on sensitive control sites.
Introduction
Metabolic pathways can be termed 'processive' if they progress in an orderly step-wise fashion and if the metabolic intermediates are expeditiously used by the following enzyme of the pathway. Chains of reactions proceed by small chemical steps as each enzyme conversion is a small chemical change. A pathway is considered 'highly processive' (tight channelling) if the intermediates are never in equilibrium with the bulk water of the cell (compartment). Examples of this are protein and nucleic acid biosynthesis, fatty acid synthesis, and tryptophan synthase. From these examples, one can deduce that processivity is not limited to one mechanism. Other pathways are 'partially processive' (loose channelling) in that some of the intermediates serve Abbreviations used: CPT,,. carnitine palmityl transferase outer mitochondria1 membrane; ETF, electron-transfer flavoprotein; ETF-red, ETF-ubiquinone oxidoreductase; TCA, tricarboxylic acid. *To whom correspondence should be addressed. several metabolic functions so that they must exist in partial equilibrium with the bulk water of the cell.
The biosyntheses and degradations that one encounters in the living cell usually involve a host of intermediates. How many of these intermediates serve a cellular function other than its occurrence in its particular pathway? An examination of a number of inter-related metabolic pathways reveals that at least 70% of metabolic intermediates serve only a single function in the cell [ 11. The range of K,,,s for many enzymes (lo-' to M) means that if the components of a cell were in a random array, then many molecules of each substrate would be required. For metabolites used in one process only, this arrangement would appear to require excess energy to maintain the high concentrations of metabolites and would utilize much of the solvent capacity of a cell.
Compartmentation
In order to make metabolism more 'efficient', living cells have developed a number of strategies. Two such strategies can be considered under the heading of compartmentation. Thus, many reactions are physically compartmented within cellular organelles such as nuclei, mitochondria, peroxisomes and membranes. This limits the volume that an intermediate must occupy (and therefore the number of molecules needed) to provide the necessary concentration of substrate for the following enzyme.
Microenvironmen t s
A second 'compartment' strategy developed by cells is the creation of a microenvironment between the enzymes such that intermediates are restricted by some mechanism to the small volume of the active sites of the enzymes. For many years, the conventional wisdom excluded 'free', i.e. unbound, intermediates from this mechanism because it was believed that diffusion of the molecule was much more rapid than its enzymic turnover, and therefore equilibrium concentrations would occur within the entire compartment, excluding the possibility of a 'microenvironment'. 
Fatty acid metabolism
In the case of yeast and animal fatty acid synthesis, the intermediates are covalently bound and transferred between the active sites of multifunctional polypeptides [6] . In procaryotes and plants, the enzymes of fatty acid synthesis are separate entities [7] , but evidence exists that indicates they exist and function as a multienzyme complex in situ [8] . A facile (and not necessarily correct) interpretation of these observations would be that during evolution from bacteria to animals, efficiency was gained by evolving from a multienzyme complex to multifunctional proteins.
On the other hand, if we consider the process of fatty acid oxidation (see [9,10] for reviews), we find in procaryotes a multifunctional system [ 1 1,121 and in animals possibly a multienzyme complex. Thus, the argument of evolution to multifunctionality and greater efficiency falls apart. One may conclude therefore that some factors other than channelling efficiency must underlie the difference between multienzyme complexes and multifunctional systems. One might imagine that multienzyme systems allow for the possible use of certain intermediates for other functions within the cell, or perhaps the formation and/or dissociation of multienzyme systems may represent a regulatory mechanism not available to multifunctional protein systems.
Channelling on fatty acid oxidation
Perhaps the first indication of channelling in animal fatty acid oxidation was the report by Garland et al.
[ 131 that the concentrations of the intermediates of the process were extremely low. They postulated that the P-oxidation system must therefore consist of a multienzyme complex. This view has prevailed until the present. More sophisticated and accurate measurements of fatty acyl-CoA intermediates by a number of groups (see [14, 15] and references therein) have shown that the intermediates, if present at all, are present in extremely low concentrations. These concentrations may approximate the concentration of the active sites present in mitochondria. Thus, 3-hydroxy-CoA and Z-transenoylCoA have been found to be present at 2.2 and 2.8 nmol/g heart tissue, respectively [ 161. The amounts of the dehydrogenase and crotonase (short-chain enzymes) present have been calculated as 11 and 6 nmol/g tissue, respectively [ 17, 181 . This would lead one to believe that all of the intermediates present are bound to active sites. The conclusion that channelling is occurring follows inevitably from these observations.
The evidence for the presence of an interacting stable complex of fatty acid-oxidizing enzymes is scant. Based on studies of the kinetics of pyruvate oxidation in the presence of lipids, Forster and Staib [19] have concluded that fatty acid oxidation is a channelled reaction linked to the Krebs tricarboxylic acid (TCA) cycle. For the Krebs TCA cycle enzymes, one can point to a wide variety of experiments which indicate the existence of a Krebs TCA cycle metabolon. A metabolon is a supramolecular complex of sequential metabolic enzymes and cellular structural elements. The methods utilized included: specific interaction of pure sequential enzymes [ZO] ; specific interaction of pure enzyme with the inner surface of the inner mitochondria membrane [21] ; cross-linking of mitochondrial matrix proteins [22] ; isolation of a metabolon and kinetic comparison with the disrupted system [23, 24] ; studies with yeast mutants [25] ; and "Clabelled metabolite studies to detect channelling behaviour [26] . Of the studies listed, only three of the above approaches have been applied to the putative fatty acid oxidation multienzyme complex.
Before discussing the limited data, it should be noted that the fatty acid oxidation system is more highly processive than the Krebs TCA cycle, so that one might expect a tighter complex and therefore easier isolation or demonstration of these complexes. Yet the fatty acid oxidation system possesses a number of complexities not found in the Krebs TCA cycle. The latter metabolic pathway involves only eight enzymes, whereas for fatty acid oxidation although four enzymes can represent one turn of the cycle, there are also present special enzymes for three different chain-length specificities, enzymes for oxidation of unusual fatty acids, and the recently reported trifunctional enzyme (enoyl-CoA hydratase/3-hydroxylacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase) [27] . These circumstances may necessitate a series of different multienzyme complexes involved in P-oxidation of fatty acids whose composition can be quite diverse.
Evidence for a multienzyme complex for fatty acid oxidation

Enzymeenzyme interaction
W e have demonstrated that thiolase and citrate synthase interact by measuring the change in anisotropy that occurs when thiolase and fluorescently labelled citrate synthase interact [28] . The interaction of proteins that interact with citrate synthase is quite specific in that only those enzymes that are metabolically sequential to it will form complexes. Thus, pyruvate dehydrogenase complex (acetylCoA formation), mitochondrial malate dehydrogenase (oxaloacetate formation), mitochondrial aconitase (citrate utilization), and thiolase (acetylCoA formation) will all specifically interact with citrate synthase.
In addition, evidence has been presented that carnitine palmityl transferase outer mitochondrial membrane (CPT,), which catalyzes the acyl-group transfer between acyl-carnitine and CoA in the mitochondria, interacts with several P-oxidation enzymes, namely P-hydroxyacyl-CoA dehydrogenase, thiolase and crotonase. Given that CPT,, is bound tightly to the inner mitochondrial membrane, these interactions may contribute to binding of Boxidation enzymes to the inner mitochondrial membrane [29] .
Enzyme-inner membrane interaction
Some authors have shown that the enzymes of fatty acid oxidation can be found in the membrane fraction of disrupted mitochondria [ 30-331. Sumegi and Srere [34] have shown that several purified enzymes of fatty acid oxidation can bind to inner mitochondrial membranes; these include enoylCoA hydratase, B-hydroxyacyl-CoA dehydrogenase, and P-ketothiolase. The same authors later showed that several TCA cycle dehydrogenases and P-hydroxyacyl-CoA dehydrogenase can bind to liposomes containing complex I [35] . Kispal et al. [36] isolated a protein from inner mitochondrial membranes which had a specific binding property for B-hydroxyacyl-CoA dehydrogenase. They proposed this protein to be an anchor for the enzyme which is distinct from that involved in binding of the enzyme to the respiratory complexes of the inner membrane.
Evidence has been presented for the binding of three fatty acid oxidation enzymes, thiolase, Bhydroxybutyryl-CoA dehydrogenase and crotonase, to the inner mitochondrial membrane in situ in gently sonicated mitochondria, evidence which is similar to that obtained by TCA cycle enzymes. These data suggest the existence of a supramolecular organization of these enzymes in the mitochondrial inner membrane matrix compartment [ 371.
Kinetic evidence A further in vitro indication for the existence of a multienzyme complex comes from kinetic studies using a partially disrupted preparation of mitochondria. W e have shown previously that a lightly soni-cated preparation of mitochondria contained bound TCA-cycle enzymes. When several coupled reactions of the TCA cycle (fumarate oxidation and malate to citrate conversion) [24] were measured, it was found that the reactions in the preparation with the bound enzymes were more efficient than a completely sonicated mitochondrial preparation with solubilized enzymes. The first enzyme of the mitochondrial fatty acid oxidation is acyl-CoA dehydrogenase, which contains FAD. The cofactor is reduced in the reaction (to yield enzyme-bound FADH,) and the hydrogens from the reduced acyl-CoA dehydrogenases are then transferred to the ubiquinone, which is dissolved in the lipid membrane. Two other enzymes are involved in hydrogen transfer: electron-transfer flavoprotein (ETF) and the electron-transfer flavoprotein-ubiquinone oxidoreductase (ETF-red). Because the FADH, molecule is tightly bound to these enzymes, direct interaction between these proteins is necessary. In vitro data support an interaction between the ETF and ETFred [38-411. In addition, we have presented kinetic evidence from gently sonicated mitochondria that disruption of the interactions between acyl-CoA dehydrogenase, ETF and ETF-red disrupt hydrogen transfer from acyl-CoA dehydrogenase to ubiquinone, and so inhibit the oxidation of saturated acyl-CoA [37] .
Physical and kinetic evidence for the organization of P-oxidation enzymes
Abbreviations used: CS, citrate synthase; DH, dehydrogenase. Kinetic study of the oxidation of P-hydroxybutyryl-CoA and crotonyl-CoA in gently and completely sonicated mitochondria showed that the disruption of the mitochondrial membrane which oxidation enzymes and inner membrane significantly (6-7-fold) decreases the oxidation of P-hydroxybutyryl-CoA and crotonyl-CoA [ 371.
These results indicate the occurrence of direct substrate transfer between p-hydroxybutyryl-CoA dehydrogenase and complex I, and between phydroxybutyryl-CoA dehydrogenase and crotonase in intact and gently sonicated mitochondria.
A summary of the data suggesting organization and substrate channelling in the fatty acid poxidation is shown in Figure 1 . There still remains however a considerable amount of experimentation to be done before one can unequivocally claim that a sequential organized multienzyme fatty acid oxidation system exists within the mitochondria.
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